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ABSTRACT 

The afterglows of gamma-ray bursts (GRBs) have more soft X-ray absorption than expected from the fore- 
ground gas column in the Galaxy. While the redshift of the absorption can in general not be constrained from 
current X-ray observations, it has been assumed that the absorption is due to metals in the host galaxy of the 
GRB. The large sample of X-ray afterglows and redshifts now available allows the construction of statistically 
meaningful distributions of the metal column densities. We construct such a sample and show, as found in 
previous studies, that the typical absorbing column density {Nn x ) increases substantially with redshift, with 
few high column density objects found at low to moderate redshifts. We show, however, that when highly 
extinguished bursts are included in the sample, using redshifts from their host galaxies, high column density 
sources are also found at low to moderate redshift. We infer from individual objects in the sample and from 
observations of blazars, that the increase in column density with redshift is unlikely to be related to metals in 
the intergalactic medium or intervening absorbers. Instead we show that the origin of the apparent increase 
with redshift is primarily due to dust extinction bias: GRBs with high X-ray absorption column densities found 
at z < 4 typically have very high dust extinction column densities, while those found at the highest redshifts do 
not. It is unclear how such a strongly evolving Nn x /Av ratio would arise, and based on current data, remains a 
puzzle. 

Subject headings: gamma-ray burst: general — early universe — dark ages, reionization, first stars — galaxies: 
ISM 



1. INTRODUCTION 

While it is now generally accepted that long-duration 
gamma-ray bursts (GRBs) primarily originate in the explo- 
sions of massive stars due to their association with type Ic 
supernovae, the precise nature of the progenitors and the en- 
vironment in which the burst occurs are not known. Most 
progress to date has been made through afterglow observa- 
tions; providing redshifts, emission mechanisms and infor- 
mation on the host galaxies. However the X-ray afterglows 
are still poorly understood. Indeed, one of the outstanding 
puzzles in understanding long GRBs is the nature and ori- 
gin of the soft X-ray absorption observed in the majority of 
afterglows. Most GRB afterglows show evidence of absorp- 
tion in the soft end of the X-ray spectrum significantly in 
excess of what is expected from the Galactic gas column. 
This has bee n known statistically fro m samples since the Bep- 
poSAX era dGalama & Wiiersl 120011) . though first observed 
at high confidence in a single spectrum with XMM-Newton 
(Watson et al. 2002). It has generally been assumed from the 
beginning that the soft X-ray opacity is due to photoelectric 
absorption by the inner shells of the atoms in a column of 
metals - primarily O, Si, S, Fe, He - in the host galaxy of the 
GRB, in a fashion directly comparable to the X-ray absorption 
observed due to gas in the Galaxy. However, the absorption 
was quickly realised not to be directly analogous to Galactic 
soft X-ray absorption. The X-ray absorption in the Galaxy is 
strongly correlated with the dust and H I column densities (see 
Watson 2011, and references therein). However, for GRBs, 



the correlation with dust extinction was not clear, and if it ex- 
isted, was certainly at least an order of magnitu de lower in 
dust-to-metals ratio compa red to the local group (Zafar et al. 
l20lTal ISchadv et alJl2010h . There was also no obvious cor- 
relation with the H I column densities ( Watson et al.l 120071 ; 
ICampana etalj|2010t ISchadv et all 1201 ll) Mo re recently a 
further puzzle was added. Campan a et al.l (120101) showed that 
the observed X-ray absorptions rose with redshift, with the 
highest column density objects (logA^x ~ 23) appearing at 
the highest redshifts, and no comparably high column densi- 
ties occurring at low redshifts (logA^ x ^ 22 at z < 1.5). This 
result was particularly puzzling since the X-ray absorption 
measures the total metal column density, and the gas metal- 
licity is expected to decrease rather than increase to high red- 
shift. 

It was noted by lBehar et al.l (1201 ll) that the observed opac- 
ity at low energies, while high at low redshift, tended toward 
an asymptotic value at z > 2. This was interpreted as possible 
evidence for the detection of absorption by a di ffuse, highly- 
ionised intergalactic medium (Beh ar et al.ll201 ll) . Such an in- 
terpretation has the virtue that it would solve the problems of 
the lack of correlation observed between the Lya-determined 
H I column densities and the X-ray column densities in GRB 
afterglows, and the very low apparent dust-to-metals ratios. 

Finally, a recent investig ation of a largely red shift-complete 
sample of bright GRBs (Campan a et al.1 120121) found a sta- 
tistically insignificant mild increase of X-ray absorption with 
redshift and interpreted it as due to increasing absorption by 
intervening systems in higher redshift GRBs. 
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In this paper we address the nature of the X-ray absorption 
in GRB afterglows; we investigate the apparently increasing 
absorption with redshift, the claim of a possible detection of 
the warm-hot intergalactic medium, and the role of dust ex- 
tinction. In section [2] we detail the data used and our data 
analysis method. In section [3] we provide the results of our 
analysis. Section|4]contains a discussion on the interpretation 
of these results. 

2. OBSERVATIONAL DATA AND METHODS 

We analysed the XRT data from every long-duration burst 
observed by Swift up to November 20 10. For each GRB in this 
set with a known redshif t, we used the spectra produced by 
the auto-analysis of Eva ns et all (J2009) with the correspond- 
ing response files and fit a model consisting of a power-law 
absorbed by Galactic gas and gas at the redshift of the GRB 
to each dataset. We obta ined redshifts for a ll bursts from the 
literature, primarily fr om Fynb o et al.l (12009). Jakobsso n et alj 
d2irOh . lKrUhler et alj d2012l) . and GCNs. This resulted in 175 
GRBs. The data from windowed timing (WT) and photon 
counting (PC) modes were fit separately. The Galactic gas 
was modelled with an absorber fixed at a le vel set by the 
dust extinction in the direction of the GRB ( Schle gel et al.l 
1998) with JVh mw = 2.2 x 10 21 Ay, as suggested by iWatsonl 
d201 ll) . The method used to determine the Galactic col- 
umn density of metals (whether using the neutral hydrogen 
or the dust as a tracer), does not appear to significantly af- 
fect the results as we obtain similar values for the excess ab- 
sorption as previous authors wher e the GRBs analysed are 
in common dCampana et al. 2010). The absorption at the 
redshift of the GRB was allowed free to vary. The model 
used was tbabs (ztbabs (pow) ) in Xspec with metallic - 
ities from Anders & Grevessel (|1989b . We used the absorp- 
tion model of Wilm setal] d2000l) to fit the data as the atomic 
cross-sections are more a ccurate. We use the metallicity of 
lAnders & Grevesseld 1989b for ease of comparison with previ- 
ous results, which generally use these abundances. It should 
be noted that while these abundances are significantly higher 
than the best estimat es of the solar photosphere abundances 
( Aspl und et al.l l2009). they are li kely a better e stimate of the 
typical Galactic ISM abundance (Watson 201 1). In any event, 
as noted above, we sidestep this metallicity conversion prob- 
lem for the Galactic absorption simply by using the measured 
relationship between dust and X-ray absorption. However, it 
should be born in mind that the excess equivalent hydrogen 
column densities we report here are determined assuming an 
abundance approximately 50% higher than solar. Thus, for 
almost any GRB host these numbers are lower limits to the 
actual gas column density and if the real gas column is sought 
should be corrected for the probable metallicity of the GRB 
host galaxy. In this paper, we simply use the equivalent hy- 
drogen column density as a proxy for the total metal column 
density. We do this for comparison with previous work, since 
this is what has been done by many authors before; and be- 
cause we cannot determine individual metal column densities, 
the hydrogen proxy is the easiest one to deal with in a simple 
way. 

The absorption in the X-ray afterglows of so me GRBs ap- 
pears to decrease as a function of time (e. g. Starlin g et al.l 
120051: iGendre et al1l2007t iCampana etaLll2007l) . For this rea- 
son, where the WT and PC data gave statistically different 
values of the absorption, the later PC data gives us a conser- 
vative (low) value of the absorption. However, the WT data 
often has considerably higher signal. Therefore, where the 
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Figure 1. The X-ray absorption of GRB afterglows as a function of redshift. 
Overplotted in larger symbols is the mean absorption in a given redshift win- 
dow taking into account upper limits. GRBs with redshifts obtained from ab- 
sorption lines in the optical afterglow are plotted in blue. Those with redshifts 
obtained from host galaxy emission are plotted in red. The bias introduced 
due to dust extinction is clear in the systematically higher column densities 
in the emission redshift GRBs (AlogA'Hx = 0.31 ± 0.08). The host emission 
redshift sample still has lower absorption at low redshifts possibly due to sig- 
nificant remaining incompleteness in the sample, and there is no evidence 
for a more constant distribution of column densities than in the afterglow- 
selected sample. The dotted line marks a 10 20 cm~ 2 absorber at z = evolved 
as (1 + z) 2,5 , showing the approximate detectability threshold for absorption 
as a function of redshift for a typical Swift-XKT GRB afterglow. 

PC and WT mode data gave results consistent within ler (68% 
confidence), the value with the smallest uncertainty was used. 
Where the results were discrepant at > ler, the PC value was 
used. This procedure will be conservative in the sense that it 
will tend to lower values of A^h x • 

We determined extincti on estimates for t h e GRB after- 
glows f rom the works of IZafar et ail (1201 lab IGreiner et al.l 
dSoTl . ISchadv et al.l d2010b . and lKann et alj ( 120101) primar- 
ily. In cases where no explicit estimate of extinction could be 
found, we used the deepest limits from optical/NIR observa- 
tions from the literature and the corresp onding X-ray data, 
to de t ermine values or limi ts on /?xox dvan der Horst et al] 
120091: Uakobsson et alj|2004b . where /3 X ox = Px~Pox- From 
these data, we could then also derive limits on the restframe 
extinction: we use the theoretical and empirical dete rmina- 
tion that A/3 = 0.5 dZafar et al .11201 1 at ISari et al.lfl998h . and 
that hence, (3xox < 0.5. We then assumed an SMC extinc- 
tion curve, found by all works to date to be most typical of 
the extinction for most GRB afterglows dZafar et alj 1201 lat 
IGreiner et aLllMTt ISchady et al.ll20Tot iKann et alJl2010l) . to 
determine a limit on the minimum extinction required to make 
the optical/NIR photometry consistent with /3xox < 0.5. 

3. RESULTS 

As with previous work, we find very significant absorb- 
ing column densities in excess of the Galactic value for most 
bursts. Similarly, we also find that the mean absorption in- 
creases with redshift (Fig. [T}. And while we know that the 
lower bound for detection of absorption increases strongly as 
a function of redshift, we do not reproduce the most interest- 
ing previous finding, that the upper envelope of the absorbing 
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Figure 2. X-ray absorption of GRB afterglows as a function of redshift. Af- 
terglows with extinction Ay > 1.5 are plotted in red, those with Ay < 1.5 in 
blue. Afterglows with unknown extinction or with 95% uncertainties span- 
ning this boundary are plotted with open squares. The dotted line is as ex- 
plained in Fig. [Tf The X-ray absorptions rise systematically with redshift 
in the absence of the high extinction afterglows, similar to previous findings 
without these high extinction events. The upper bound of the absorption ap- 
pears roughly constant with redshift when high extinction events are included. 



column density increases with redshift (Cam pana et al.5 2010). 
In the distribution shown in Figs. [T] and [2] the vast majority of 
objects have logA^H x ;$ 22.6, with only two outliers above this 
value: one at z ~ 2.2, and the other at z ~ 8.2. We do not 
have the total abs ence of GRBs with logA^H Y 22 at z S, 2 
found previously (ICampana et al.l 120101: iBehar et all 1 2011). 
The m ore complete, bright sample analysed in Campana et al. 
(120121) showed this effect as well, with a few high column 
density objects appearing at low redshift, allowing them to in- 
fer that the previous absence of such bursts was a selection 
bias. 

So, why were these low redshift, high absorption GRBs 
missing from previous analyses? Coding the distribu- 
tion by dust extinction, the answer is immediately appar- 
ent (Fig. |2); almost all of the low redshift, high absorp- 
tion GRBs have high extinction (Ay > 1.5). These GRBs 
are: 051022, 060202, 060719, 060814, 061222A, 070306, 
070521, 080207, 080607, and 090417B. The high restframe 
extinction of these objects makes it very difficult to ob- 
tain a redshift from the optical afterglow (see, for example 
lKjTihleretalJl20Tll who examine eight highly-extinguished 
objects and find five at low redshift with high X-ray absorb- 
ing column densities). At z = 1.5, Ay = 1.5 is equivalent 
to a factor of more than 50 suppression of the observed V- 
band flux. The vast majority of these high extinction objects 
have redshifts obtained from the host galaxy. A good ex- 
ample is GRB 080207 with a redshift estim ated to be z ~ 2 
from photometric ob servations of the host dHunt et al.l 1201 ll 
ISvensson et al.ll20TTl) . Its afterglow extinction is estimated to 
be Ay > 3.5. This corresponds to an extinction of the flux by 
a factor of > 10 5 in the observed V-band. 

Excluding these high extinctio n objects, we ret r ieve th e ris- 
ing upper envelope observed by Camp ana et al.l (120101) . In- 
deed, it was noted by [Campana et al. (201(J)that dust ex- 
tinction bias might explain the rising upper envelope they 



observed, though the proposed explanation related to flatter 
extinction curves at higher redshifts is unlikely to be cor- 
rect sinc e even relatively flat extinction curves ha ve curva- 
ture (e.g. lHirashita et al.l2008l; [Maiolino et al.l2004l) . and with 
such high Ays would either render the GRB optical afterglows 
undetectabl e, or would be clear ly noticeable in the broadband 
SED fitting dZafar et al.ll201 lbl) . On the other hand, including 
all the available data, it seems clear that the upper bound of 
the A^H X distribution is the same at low and high redshifts. 

In spite of the similarity of the upper bound at high and 
low redshifts, it is still apparent that even in our more com- 
plete sample, the fraction of objects with a very high column 
density at high redshifts is still very large compared to lower 
redshift. This can be seen from the high ratio of detections to 
upper limits at high redshift, which, if the distribution was the 
same at all redshifts, would be significantly lower, or, equiv- 
alently, from the mean column density which still increases 
with redshift (Fig. [TJ. However our sample is not complete 
and almost certainly still has a strong bias against highly ob- 
scured objects. Therefore, it is not clear whether the column 
density distribution is the same at low and high redshifts. If 
it is, then a significant majority of GRB s without re dshifts 
must be at low reds hift (see, among others, Fvnbo "eTaT]|2009l: 
iKruhler et alJl20TTh . which means that previous estimates of 
the mean re dshifts of GRBs were skewed to excessively high 
values (e.g. Jakobsson et al. 2006). Given the data so far, of 
course they would also have to be highly extinguished. The 
recent, largely complete, s ample of bright GRBs a nalysed for 
their X-ray absorptions by Campa na et al.l ((2012) still shows 
a mild increase in X-ray absorption with redshift, which they 
attribute to foreground absorbers. 

4. WHAT IS THE ORIGIN OF THE X-RAY ABSORPTION IN GRB 
AFTERGLOWS? 

The results outlined in the previous section raise more ques- 
tions than they answer. The peculiarity now is no longer why 
there are no high absorption GRBs at low redshift, but why 
do high-absorption, low-extinction objects show up at high 
redshift, but not at lower redshifts? While we might expect a 
strong bias against getting redshifts for dust-obscured GRBs 
at high redshift, we would not expect any bias against low- 
extinction GRBs at low redshift. 

4.1. Intrinsic curvature 

We can readily exclude intrinsic curvature as an explana- 
tion for the soft X-ray downturn in the general case because 
the shape of the downturn does not fit typical GRB models, 
requiring low energy slopes different f rom those observed in 
the prompt phase (Kane ko et al.ll2.008h because the measured 
absorption is occasionally found to be constant in spite of 
large spectral changes, for example in GRB 100901 A where 
we find the spectral slope changes from T = 1.7 ±0.03 to 
2.2 ±0.05 between the WT and PC data, but the excess ab- 
sorptions are 4.1^j x 10 21 cm" 2 and 4.1 ±0.6 x 10 21 cm" 2 . 
As an aside, intrinsic spectral curvature is observed in many 
blazars, but their spectra are considerably more complex 
than GRB afterglows and the difference in their low energy 
slopes is typically sm all, with A/3 < 0.5 dDonato et alj|2005l : 
Perlm an et al.ll2005l) . Indeed, it should be noted that intrin- 
sic curvature has never been invoked as a general explanation, 
though it may play a role in the few objects at the highest 
redshifts dButler & Kocevskill2007l) . 

4.2. The warm-hot intergalactic medium 
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We can also exclude a smooth, highly ionised intergalac- 
tic medium, the so-called warm-hot intergalactic medium 
( WHIM), as the expl anation for the absorption, as proposed 
by Be har et al.1 (1201 ll) . We can see very quickly that there are 
many GRB afterglows at z > 3 with absorptions well below 
the apparent proposed level of the smooth WHIM (Fig. [2j. 

A more general argument is a structured WHIM, where it 
is only the average opacity above z ~ 2 that would tend to 
a detectable value while individual sightlines could have dis- 
parate values. As opposed to the smooth WHIM, individual 
GRB afterglows with low absorption values could be recon- 
ciled to this model. A potentially useful sample to compare 
to are type 1 AGN. Their spectra are known in most cases to 
be free of gas or dust absorption, and to show no evolution in 
absorbing column d ensity as a function of redshift up to z ~ 3 
dMateos et alJl2010h . 

However, an analysis of the X-ray spectra of small sam- 
ples of high-redshift AGN observed with XMM-Newton ap- 
pear to show substantial absorbing column densities in the 
radio-loud, but not the radio-qui et AGN dPage et al.l 120051; 
lYuan et al]l2006t iSaez et alJl20lTh . 

In the high-redshift, radio-loud AGN there are are approx- 
imately 50% which show a downturn at low energies, and 
about 25% that show a noticeable upturn, suggesting that the 
spectra are not simple power-law s, and may be considerably 
more complex (Page et al. 2005 ). None of the seven radio- 
quiet objects in the Page et al. (2005) sample show a signifi- 
cant up- or downturn. iTavecchio et al.1 (|2007) have suggested 
that the downturn obse rved in at least some, and possibly all 
( Samb runa et al.ll2007l) . radio-loud AGN is intrinsic curvature 
of the low energy side of the inverse Compton emission com- 
ponent, and successfully modelled this in the object RBS 315. 
Indeed, intrinsic curvature is known in the spectra of blazars 
at low redshift. It mimics absorption and is present up to 
fairly hard energies (Per mian et al.l l2005: Fos sati et al.1 12000). 
Furthermore, the apparent 'absorption' observed in low red- 
shift blazars is peculiar in t hat no atomic absorption edges or 
lines are ever observed (e.g. Watson et al. 2004; Blustin et alj 
2004), further strengthening the conclusion that the observed 
downturns are in fact due to intrinsic curvature. Therefore, 
finding evidence of such curvature in some higher redshift 
radio-loud AGN should not be a surprise. In the analysis 
of RBS 315. ITavecchio et ail (12007) examined two epochs of 
XMM-Newton spectroscopy taken three years apart. Fitting 
both datasets with an absorbed powerlaw, they found the mea- 
sured absorption had increased by more than 50%. This ap- 
parent variability of the downturn argues forcibly against a 
WHIM origin, since the WHIM is unlikely to vary on a 3 year 
timescale. 

4.3. High density, low-ionisation foreground absorbers 

It might also be argued that the apparent increase of the 
X-ray absorption with redshift is related to high density (neu- 
tral or low-ionisation) intervening absorbers along the line of 
sight to the GRBs. And indeed, the paucity of low column 
density systems at high redshift is curious, though currently 
not highly significant statistically giv en that the detec t ability 
threshold at high redshift is so high. Cam pana et al.l (120121) 
calculate the distribution of Ly a absorbers with redshift based 
on observational data and show that it is too low to explain 
the high absorptions observed at high redshift. They con- 
tend that the number of absorbers foreground to GRBs may 
be double that observed foreground to QSOs based on the 
numbers of high equivalent width Mg II absorbers discov- 



ered dVergani et al. 2009). Using this larger number, they find 
that the neutral absorbers could plausibly explain the high X- 
ray absorption systems found at the highest redshifts. How- 
ever, they do not take into account the metallicity evolution 
of DLAs with redshift, but assume that the mean metallicity 
of the absorbers is solar. This is important since the X-ray 
absorp tion measures metals not hydrogen. iProchaska et al.l 
(2003) demonstrate that the metallicity of intervening ab- 
sorbers evolves strongly with redshift, such that the contri- 
bution from z = 2 — 4 absorbers will be 0.5 -1 .0 dex lower than 
plotted in Fig. 2 of Camp ana et al.l (120121) . This demonstrates 
that even by doubling the number of intervening systems, neu- 
tral absorbers along the line of sight are simply insufficient to 
induce the observed X-ray absorption in GRBs. Furthermore, 
such absorbers should be detected in the optical unless they 
are at very low redshift (z < 0.3) or have very low column 
density. This seems unlikely on either count, since one would 
have to pack a large number of absorbing systems into the red- 
shift space z < 0.3 and have far fewer at z > 0.3, and at z < 0.3, 
we would expect to detect such absorbing systems relatively 
easily in emission as galaxies close to the lines of sight. In 
addition, the excess of Mg II absorbers is only found at very 
large equivalent widths; at lower equivalent widt hs the num - 
bers for GRBs and QSOs are the same ( Ver gani et al.l [2009). 
Thus doubling the population of low column density sources 
is unjustified. Another way of looking at this is to e xamine the 
relationship found by (Menard & Chelouche 2009) between 
Nui and Mg II equivalent width for QSO intervening Lya sys- 
tems. The mean number of high equivalent wi dth (Wa,o > 1 A 
Mg II absorbers found by Ver gani et al.l (12009b is 0.7 per red- 
shift interval for GRBs. The typical equivalent width of these 
systems is a few A. This corresponds to a Nui ~ 1 x 10 20 
for Wa.o = 2 A. Regardless of the redshift, this is vastly in- 
sufficient to explain the X-ray absorption. Even assuming the 
Mg II absorber is at z = 0.5, the apparent contribution to a z = 4 
GRB is only 2 x 10 21 cm" 2 . We would then require at least five 
such z < 1 systems for every z = 4 GRB, or a single system 
with W\.o > 6 A, at z = 0.5 in most z > 4 GRBs, which is the 
largest equivalent width ever observed for any GRB to date. In 
other words, most GRBs would need to have absorption sys- 
tems similar to, or larger than, GRB 991216 (IVreeswiik et all 
120061) . and this is not observed dVergani et al.ll2009l) . In addi- 
tion, we would have not to observe the corresponding galaxy 
at relatively low impact factor at such low redshifts. Finally, 
this solution does not really answer the fundamental problem 
of the peculiarly low dust-to-metals ratio; we would expect 
to observe substantial extinction if the absorbers were pre- 
dominantly at moderate redshift, since DLAs appear to have 
a dust-to-metals ratio simila r to the local group (lVladiloll 998; 
iMenard & Chelouchdl2009l) . 

5. THE ORIGIN OF THE APPARENT INCREASE IN X-RAY 
ABSORBING COLUMN DENSITY WITH REDSHIFT 

We have shown that the apparent increase in X-ray absorb- 
ing column densities with redshift is mitigated when dust- 
extinguished bursts are included in the sample, i.e. we fill in 
the high- absorption, low - redshi ft bursts that are missing from 
Fig. 2 of lCampana et alJ (l2010h . We have also shown that the 
bursts with the highest absorbing column densities are also 
typically the most dust-extinguished at low-to-moderate red- 
shift (z % 4). This is similar to the conclusion that there is a 
tight correlation between 'da rk' GRBs and high X- ray absorp- 
tion GRBs found recently (Cam pana et al.l 120121) . Further- 
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Figure 3. X-ray absorption versus extinction in GRB afterglows. Points are 
coded as a function of redshift. The dashed lines mark the approximate limits 
of the metals-to-dust ratios reported for the local group of galaxies. The 
absence of significant numbers of low redshift objects with high absoiption 
and low extinction is noticeable, i.e. there is a lack of low redshift objects in 
the upper left part of the plot. 



more, we still lack redshifts for many bursts - many of these 
are dark bursts and are almost certainly heavily extinguished. 
If most of the most highly-absorber bursts are at low redshift, 
i.e. are similar to the other obscured bursts we have found, 
they may provide the population needed to correct the appar- 
ent increase in X-ray absorption to high redshift. We therefore 
conclude that the increasing X-ray absorption observed so far 
as we go to high redshift is principally due to a dust-extinction 
bias. However, a complete, unbiase d sample of sufficient size 
is required to answer this question. iCampana et al.l (12012b ar- 
gue for a moderate remaining increase with redshift in their 
90% complete sample of bright GRBs, but have insufficient 
statistical power to make the claim with confidence. 

An increasing X-ray absorption due to a dust extinction 
bias is contrary to what we would naively expect; extinction 
at high redshift has a dramatic effect on the observed op- 
tical/NIR flux since we are observing the restframe far-UV 
where dust extinction is at its most severe. At low redshift 
we see that the most X-ray absorbed bursts have higher ex- 
tinction. One would expect that bursts at high redshifts with 
large X-ray column densities would very rarely be detected. 
The opposite seems to be the case. This is apparent in Fig. [3] 
where there is a clear redshift gradient in the metals-to-dust 
ratio plane; in particular, no high metals-to-dust ratio objects 
are detected at low redshift. Such objects should be easily 
detected. 

The simplest interpretation of this unexpected behaviour 
is that the fraction of metals in the dust phase is dramati- 
cally lower at z > 4. However, this does not seem a very 
tenable hypothesis, since we know that dust does form ve: 



rapidl y following forma tion of metals (Mats uura et 



or m very 
aD Eoilt 



Michalows ki et alJ20 10). Furthermore, there are fairly strong 
indications that in many environments as well as in the low- 
ionisation phase of the afterglow abs orption, the dust-to- 
metals ratio is very roughly constant (Ide Cial 1201 ll IVladilol 
[T998tlDai & KochaneU 20091) . 

If a change in the metals-to-dust ratio were responsible, it 
would imply that the formation efficiency of dust out of avail- 



able metals is at least one order of magnitude lower at z > 4 
than at lower redshifts. But as indicated above, we do not find 
this a likely explanation. There must be other explanations 
for this apparent change, and we note that the mean metal- 
licity decreases strongly with redshift dProchaska et al.ll2003l) 
and this change may reflect the more pristine environments 
found earlier in the age of the universe. It will be difficult 
to solve this mystery for certain until we have a clear idea of 
what causes the X-ray absorption and precisely where it oc- 
curs. 
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